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SECTION 1

INTRODUCTLON AND SUMMARY

A. INTRODUCTION

Improved materials are required for active optical devices, including

. electro-optic and acousto-optic modulators, switches and tunable filters, as

well as for new devices based on degenerate four-wave mixing. Utilization of
four-wave mixing techniques in practical devices could greatly increasec optical
system integration by expanding the possibilities of amplification,
convolution, correlation, pulse compression, etc. New materials are aiso
needed for surface acoustic wave (SAW) applications where the lack of materials
with large coupling coefficients and inherent temperature stability, at least
along one crystallographic orientation, has limited the bandwidth of SAW
devices and made them unsuitable for many microwave applications. New
materials are needed for electro—optic and acousto-optic devices because the
materials currently available are inefficient in terms of power required aad
oftea absorb light in the regioa in which the operation is desired. At
present, no materials have been identified which have sufficiently high third-
order optical susceptibilities to make four—-wave mixing devices.

Since electro-optical and acousto-optical devices based on currently
available materials typically require much more power than can be generated by
an electronic integrated circuit chip, the level of integration and
hybridization is far below that desired by the Air Force. 1In addition,
currently available materials have poor spectral characteristics in the aid and
far infrared regions of the spectrum which are of great interest in current and
proposed systems. The chalcogenides are predicted to have higher figures of
merit and lower absorption in these spectral linearities in their optical
behavior, which may make them suitable for applications in degeneratce four-wave
mixing. Despite its tremendous potential, four-wave mixing remains a
laboratory phenomena because no suitable material has been discovered Lo
realize its device applications. Finally, of the very few high—coupling
temperature-compensated surface acoustic wave materials which have been

discovered or predicted, two are ternary chalcogenides (thallium vanadiuw
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sulfide and thallium tauntalum selenide). These materials do not fit the

phenomenological model used to predict temperature compensation in SAW

materials, leading to the conclusion that their behavior is due to some anomaly
in the chalcogenide bond in these ternary structures. Although these thallium
compounds have unfavorable mechanical properties, there is reason to believe
that other ternary chalcogenides may be suitable for SAW materials.

During this investigation, our plan was to synthesize and grow a series of
new ternary chalcogenide compounds, evaluate them for electro-optic, nounlinear
optical and acousto-optical applications, and determine the usefulness of
ternary chalcogenides for applications involving the electro-optic effect,
degenerate four-wave mixing, and surface acoustic-wave technology. Materials
grown were predicted both on the basis of crystal chemical considerations and
from a concurrent theoretical exploration of those conditions which will

maximize the properties desired.

B. SUMMARY

The most significant development resulting from this investigation is the
single crystal growth and evaluation of a new infrared-transmitting electro-
optic crystal, CdIn,Te,, which we determined to have an electro-optic (EO)
coefficient (r,;=rg,) of approximately 50 pm/V. This is an order of magnitude
larger than most known IR materials, and even higher than LiNbO 3 (approximately
32 pm/V). We predicted a large EO coefficient for this crystal based upon the
structural analog approach described in Section 2. This material transmits
from L.2 um to beyond 16 Hm; initial results indicate possible transmission to
50 um, but the appearance of some structure in the spectral scan has not yet
been resolved. The large EO coefficient significantly reduces voltage
requirements and therefore allows an engineering margin for driver chips for
[ar infrared {10 modulators and IR tunable spectral filters. This work
represents the prime effort made during the course of this investigation.
Measaranent ot the other clectro-optic coefficients revealed comparatively low

vialues (not unlike LiNbOj re 5.5 pm/V; ry3 = 0.15 pm/V.
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Additional materials were investigated in search of new materials with
larger acousto-optic (AO) figures of merit and large non-linear coefficients.
These materials included AgGaTe,, Znln,S,, Znln,Se,, Znln,Te,, ZnGa,S,,
CdGa,S,, ZnGeP,, AgGaS,, T1VS 4, and T13VS,. A variety of synthesis techniques
were pursued as described in Section 3B, "Synthesis of New Ternary Chalcopenide
Compounds™. However, not all of the compounds listed were successfully
synthesized. Reaction to yield the ternary compound without additiona! phascs
was successful for CdGa,S,, AgGaTe,, AgGaS,, and ZnGeP,. The two latter
materials were also grown as single crystals in order to evaluate their
acousto—optic and non-linear properties. The remainder of the materials
invariably contained intermediate binary phases or yielded other than the
desired stoichiometry.

aterials characterization was carried out using x—ray powder diffraction
initially to identify the material. Read camera techniques were used when the
powder diffraction data was not sufficiently sensitive and left some unauswered
questions, especially concerning the presence of additional phases. Crystals
were characterized by Hall measurements, where appropriate, to detcrmine
resistivity, mobility, and type. Bulk resistivity measurements were also made
on large crystal samples when available. 1In addition, optical transmission in
the visible and infrared spectral regions was determined. Differential thernal
analysis (DTA) was used to determine melting characteristics as well as the
existence of other phase transitions for selected compounds. OTA was also used
to determine reaction phenomena. A significant effort was placed on the
development of a new technique for the determination of stress optic properties
of crystals: Anisotropic Transmission Ellipsometry. This is discussed in
detail in Section 6, "Optical Evaluation of Crystals™. Our initial apparatus
required some modifications which were not completed until the end of this
project.

The theoretical aspects of anisotopic transmission ellipsometry are
detailed in this report. A theoretical model was developed for the clectro-
optic effect in crystals. This followed the development of a method for the
calculation of the electronic and ionic contributions of the EQ coelficient
based on bonding forces in the lattice which was completed on a previous

program. A first cut was taken at a photo-elastic model (3ection 5).
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SECTION 2

APPROACH

A OBJECTIVE

The primary objectives of this program include the synthesis and
evaluation of new ternary compounds, especially chalcogenides, for nonlineciar
and acoustical applications; and subsequently, the investigation of these
materials for applications involving the electro-optic effect, the acousto-
optic effect, degenerate four-wave mixing, and surface acoustic wave

technology.

B. APPROACH SUMMARY

The approach to the selection of new electro-optic and acousto-optic
materials to be evaluated for the many applications noted is discussed in
detai' in Section 2D. A brief summary is presented here. Our approach is
based on selection and prediction of materials having similar structures to
known materials which have demonstrated optimum properties in the desired area,
i.e., electro-optic, acousto-optic, nonlinear, etc. The maln structural
characteristics used are the ionic coordination and the point group. Analog
families of compounds are so selected and then expanded by ionic substitution —
which holds structurally within certain ionic size limits. A valuable aspect
to this type of program is the ability to evaluate polycrystalline samples
since the growth of single crystals can take a long period of time and limit
the number of crystals examined. This approach works well using the low
frequency dielectric constant as a guide for electro-optic properties — and may
carry over as well for acousto-optic and nonlinear properties. A portion of
this effort is devoted to seeking evaluatioun techniques for polycrystalline

materials related to the acousto-optic coefficient. We investigated

optical evaluation techniques typically used for single crystals which night
offer a potential mode for optical evaluation of polycrystalline samples.
Theoretical considerations of the relationships of measurable properties on
polycrystalline samples to the optical propertles of interest was pursued by
Professor Amnon Yariv (Caltech), as a consultant to tlughes Research

Laboratories and this pregram.

11




o
o C.  BACKGROUND
(: Approximately four years ago, personnel at Hughes Research Laboratories
:{gj (HRL) reviewed the requirements for an Infrared (IR) transmitting, spectrally
f:%? tunable filter for the HALO technology program. We concluded that both the
:;i total power consumption and the drive-power density would be excessive if an
: acousto-optic (AO) filter were used. This led us toward the invention of an
;Qf electro-optic (EO) analog to the AO filter. Such a filter would require orders
5;5 of magnitude less drive power. Progress on the reduction to practice of this
iii invention has been excellent, but development work is not wit:out technical
\' risks. The test-sample—acquisition and materials-development tasks we
:kf completed in pursuit of the filter provided us with a data base of EQ crystals
iif (mostly with the chalcopyrite structure) from which AgGaS, was selected for the
{fj HALO program. Subsequently, a materials program aimed at increasing the scope
‘ of IR-transmitting EO materials was sponsored by DARPA! to develop new

.ii materials with the potential of having an EO coefficient many times larger than
.:§ the chalcopyrites, and hence, of providing an engineering margin in filter
ﬂ;ﬁ design with respect to the voltage requirements of the drive chip. This
x. program succeeded in identifying two new materials, CdInZTe“ and AgGaTez, that
:\f may have an EO coefficient at least an order of magnitude greater than that of
'“; AsGaS, and would thereby reduce required maximum drive voltages to no greater
fai than 100 V. 1In a coordinated effort between HRL and the California Institute

E‘ of Technology (Caltech), a review of fundamental EO concepts by Professor Yariv
“t; (Applied Physics Dept., Caltech) has led to the extension of current theory and
éﬁ to a method of calculating the EO coefficient using structural data.

I

s

S_‘ D. SELECTION OF NEW MATERIALS

?% A review of the classes from which EO crystals can be selected (Figure 1)
{: shows that some of these classes are also applicable to collinear A0 effects.
:%; In addition, many of the properties that lead to a larger EO coefficient and

ey figure of merit (e.g., large refractive index and octahedral coordination, as
Jsﬁ discussed below) also lead to materials with an improved A0 figure of merit, as
f;j well as larger nonlinear effects. DoD interest in A0 devices for optical

3& information processing, optical switches, modulators, correlators, and
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ACOUSTO-OPTIC (COLINEAR)

TYPE
CUBIC
HEXAGONAL
TRIGONAL
TETRAGONAL
ORTHORHOMBIC
MONOCLINIC
TRICLINIC

Crystal structures useful for AO/EO selection.
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scanners led us to evaluate an approach similar to the analog selection used
for new EO materials, as described belov, and to look for new, improved AO
materials.

The A0 figure of merit (M,) can be expressed as

where n is the index of refraction, p is the photoelastic constant, P is the
density, and V is the acoustic velocity. The quantities n, p, and V are
related to tensor quantities and therefore can vary with crystal orientation.
The photoelastic constant, which is the basis for the A0 effect, is not limited
to specific symmetry classes, but the collinear A0 effect, as indicated in
Figure 1, is symmetry dependent. Other A0 figures of merit (M;, M3) described

2 3

in the literature may be more or less applicable to particular device

designs. However, all the AQO figures of merit are maximized in materials

having
° High refractive index
° High photoelastic component
® Low density
°

Low sound velocity.

An additional property, one which is normally not incorporated in figures of
merit but 1s of vital importance to device design, is the iuntrinsic acoustic
loss (@) of a materjial. Transparent liquids, for example, typically have high
acoustic attenuation above 50 MHz, although they may have a high figure of
merit. The acoustic attenuation must be determined for potential, new AQ
materials.

Our approach to finding new materials is based on selecting structural
analogs to the best observed EO and A0 materials in the visible spectrum range
(e.g., LiNbO;, LiTa0;, and PbMo0O,). We concentrated primarily on IR and mm~
wave transmitting compounds.

Criteria for materials selection, including crystal class, structural
similarities, and the proportional scaling of radius ratios of the components,
make up general guidelines for new materials choices. Often, where

crystallographic data is available, the radius scale-up leads to different

14
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crystal structures and classes that do not fit the requirements for the 30 or
A0 effects. Use of chemical periodicity in all cases indicates the possibility
of predicting improvement within a structural type, but the accuracy of the
prediction is uncertain, and the magnitude unknown and often small.

A search for new materials through compilations of compound semiconductor
and semi-insulator crystals reveals numerous possibilities, such as those shown
in Figure 2. This search reveals considerable controversy concerning crystal
class as well as several unknown properties of these materials.

Applying the principles of crystal chemistry to a structural analog of
lithium niobate within an allowed crystal class, we predicted similarly large
EO coefficients in a chalcogenide material, CdIn,Te,. A detailed analysis of
the LiNbOj structure (Figure 3) shows that it consists of a planar shecet
structure of anions (oxygen) in approximately hexagonal close packing. This
results in distorted, partially occupied octahedral sites (essentially, a
defect structure). These sites are one-third occupied by niobium, and one-
third by lithium; the remainder are vacant. The sequence of distorted
octahedra along the c-axis with Nb at the origin is Nb-V-Li-Nb-Li, where V is a
vacancy.

A plot of the vertical position of Nb (in an octahedral site) versus
potential energy (Figure 4) shows curves for temperature above and below the
Curie point (Tg). The existence of curve 2 (with T ® Tp) indicates a large
tonic contribution to the polarizability, yielding a large EO coefficient,
which, for LilNb0j, is 32 x 10712 m/V. The A0 figure of merit for LiNbOj is
shown with other materials in Table 1. One obstacle in seeking structural
analogs among IR-transmitting chalcogenides appeared to be the typical
tetrahedral coordination of these semiconducting materials (e.g., zincblende and
chalcopyrite structures). The importance of the octahedral coordination in the

selection of AQ materials has been indicated by Pinnow."

In a previous

1nvesttgatton,5 we uncovered a group of materials of the general formula, \

All BZII[ CQVI, that are closely analogous to LiNbO3 and :

thereby show considerable promise of having high EO coefficients. These

materials have been described as crystallizing in the crystal classes 3m (same as

LiNbO3), 4, and 4 2m (same as chalcopyrites); all of these are usable for EO

and/or AO devices. X
The 3m point zroup, of which ZnIn,S, is a member (Figures 5 and 6), has a -

unir cell consisting of 12 closely packed sulfur layers. Octahedral sites

contain one-half the total number of In atoms; the Zn and the other half of the

15
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Figure 2. Examples of possible new EO/AO materials.
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Table 1. Comparison of AO Materials.
-
Useful Optical | Refractive Maximum AO
Material Transmission, Index, Density (p),| Figure of
(Point Group) Hm 2 pm 2/cm Merit (M,)
a - 5i0; 0.2 to 2 1.52 2.65 5
CarloOy, 0.4 to 4.5 1.95 4.26 118
(4/m)
PbMoO,, 0.4 to 5.5 —_— 6.95 23.7
LiNbO4 0.4 to 4.5 2.2 4,64 217
(3m)
Tl3AsSej 1.27 to 18 3.3 7.83 >500
i ) 6364-12
PROPERTY LiNbO3 ZninySg Cd Iny Te,
CRYSTAL CLASS 3m 3m )
STRUCTURE CHARACTER  DEFECT DEFECT DEFECT
ANIONS LAYER LAYER LAYER
CLOSE PACKING CLOSE PACKING CLOSE PACKING
{OXYGEN) {SULFURY) (TELLURIUM)
COORDINATION DISTORTED OCTAHEDRAL MIXED MIXED (INVERSE)
OCTAHEDRAL OCTAHEDRAL
TETRAHEDRAL TETRAHEDRAL
SITE OCCUPANCY 1/3Nb 121
3L OCTAHEDRAL { 172 Inggysy [ "total
1/3 VACANCY Cdrorat
V210,
TFTRAHEDRAL ota 12 Ingg
Rtotal ot
2 VACANT METAL SITES
“DEFECT CHALCOPYRITE"
E-O COEFFICIENT, )  32x 10" 12 m/v ? ~ 50x 10~ 2m/V

Figure 5.
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Figure 6. Structure of ZnIn,S,.

In atoms are in tetrahedral sites. An inverse structure has also been described
in which the divalent and one-half of the trivalent atoms are in octahedral sites
and one-half of the trivalent atoms are in tetrahedral sites, which leives
fraction of vacancles in each type of site. The inverse structure has been
described for X In,S,, where X is Mg, Fe, Co, Ni, CdGa,$,, IHzIn,5,, or Cdin,Te,.
Existing theories of the EO effect in crystals indicated that the KO coef{ficients
of these materials should be significantly higher than those of the
chalcopyrites.

There is little published data concerning the properties of these
materials. A shift in conductivity of more than five orders of magnitude has
been reported for CdIn,Se, annealed in Se vapor. The transmission of CdIn,Te,
has been reported in the range of 1 to 37 um. Carrier mobilities in these

-1

materials are usually not greater than tens of em?v lsec , which is typical of

LR L

" ternary chalcogenides. CdIn,Te, is reported to have the symmctry of 4 crystal
3 class. Because of the open crystal structure, which has vacancies when derived
. from the standard zincblende unit, they are considered "defect™ structures. A
)1

’. structural classification of All B?II[ C,‘VI compounds is

. 2

o illustrated in Figure 7 (Ref. 6).
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.(n-"-
o A new theoretical approach for calculating the EO coefficient of these com-
2t pounds has been worked out by A. Yariv and C. Shih’ at Caltech. This approach
\e r; utilizes the structural crystallographic components, e.g., bond lengths and angles,
ifi along with measured values of the low frequency dielectric constant, to predict
‘§:; values for the EO coefficient. The results show very close agreement to measured
7 values for both binary and ternary compounds. Calculations for CdIn,Te, and
1 Znln,S, indicate that they may have huge EO coefficients.
25] Measurements of the low-frequency dielectric constant, which was used as a
.jff guide to high EO coefficient, have been made on a DARPA-sponsored program for
P
M t‘ some of these materials (Table 2) which we successfully synthesized. Two
- materials, CdIn,Te, and AgGaTe,, were selected because of their high values of low-
0

frequency dielectric constant for eventual single crystal growth and evaluation of

the EO coefficient, as well as A0 and nonlinear properties.
The pertinent properties relating to a large A0 figure of merit include,

as mentioned above, a large index of refraction, a large photoelastic component,

b l'.".“I, t :'..,“ S ..'_ .-'. L
MR | + R

low density, and low acoustic velocity. The index of refraction can be related to

w,

$t} density (p) and chemical composition, as shown by Gladstone and Dale:®
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Table 2. Dielectric Constants at Indicated Frequencies for Some

Binary Ternary Chalcogenides (Ref. 5).
N Compound Dielectric Constant Frequency, kliz
Q:\.‘.‘
n.,.\:.
;:f GeS, 10.7 L0

~ . GeSe, 5.32 6
:;{ 5.31 50
3 5.30 100
A
L 5.26 400
-f.‘d:

‘ AgGaS, 13.7 ' 10
e AgGaTe, 200 5
o’
ﬁ2$' 270 1000
T ZnSiAs, 34.78 6
. 34.65 10
A4
e 33.64 100
0y
}'i‘ 32.91 400

I-': ZnGaZS y 62.1 6
R _

. 40.9 10
S 35.8 20
RN
390 21.3 50
N 18.1 100
NN

: 13.5 400
AUA CulnSe, 36.81 6

VoS
i}b 36.15 10
20 35.74 100
- 35.71 400
::.;:: Cu 2GeS 3 49 10
" Cu,CdGeTe, 60.3 10
.-::_::. CdIn,Te, 264.5 10
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ﬁ{:ﬂ where k is known as the specific refractive energy of the compound, and the
(1\: ki are the specific refractive energies of the components whose weight
j?: percentages are pj. The relationship of index of refraction (n) to energy
}:j gap, as shown for oxides in Figure 8, has been explained by Wemple and
‘:tf DiDomenico.” 10 Thus, one can realize that ternary sulfides comprise a group
S of typically high-index materials and conclude that the maximum index of
o refraction for an A0 medium is limited by the selection of the shortest
'E:; wavelength for which optical transmission is desired.
:ii: Pinnow' has shown the relationship of acoustic velocity to the mean atomic
. weight, M (defined as the total molecular weight divided by the number of atoums
f\i per molecule), for oxides, alkali halides, and some semiconductors (Figures 9,
}g% 10, and 11). Typically, the V/p ratio decreases with increasing M.
;;5 A compilation“ of measured photoelastic components for oxides, alkali
- halides, and some III-V and chalcogenide compounds indicates variations over a
3?} fairly narrow range. The average photoelastic component, in both ionic and
i;i covalent limits, can be attributed to two effects:
'_\
-?i ® Increase in n due to increase in packing density
i;; g Change in n due to change in polarizability under compression.
Ez The latter effect is one shown (in the EO coefficient) to have large
.ja effects when the compound contains heavier (more polarizable) atoms (electronic
r polarizability) or when the structure is more "open,” allowing larger ionic
22 polarizability. In our analysis of the EO coefficient, we predicted that ionic
:; polarizability and EO coefficient would tend to be larger in compounds having
‘;i octahedral coordination than in those having tetrahedral coordination, although
f;: the effect of large atoms cannot be completely ignored. Indeed, this appears
;ff (from examples such as PbMoO,, SrTiOj3, and LiNbOj) to hold as well for large
;ii photoelastic effects and, hence, large A0 figures of merit. The figure of
-'.::; merit (M) is 23.7 (0.4 < A € 5,5) for PbMoO, and 21.7 (0.5 < X < 4.5) for
J;: LiNbO3. 1In summary, although optimum trade-offs must be sought for maximizing
?j: the A0 figure of merit, the materials properties desired can be found among the
;i;: same classes of ternary compounds that we have selected for investigation
-
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i index is determined by the shortest wavelength for which optical
[~ transmission is desired.

o

Y

f: seeking higher EO coefficients. Recent work!! has indicated that TljAsSeg (a
N proustite analog) has a figure of merit (1.27 € A € 138 um) greater than 500.

X The AQ figure of merit for several compounds is shown in Table 1.

o We finvestigated the measurement of the elastic constants of materials by a
Y new technique, anisotropic transmission ellipsometry, which is discussed in
2 detail below.
§, Based on the large non—-linear coefficient for some ternary compounds of

<4
i. the type ALT gLV CZV, e.g., CdGeAs,, we studied synthesizing
fé some of these compounds; the most successful of these was ZnGeP,. Following
A this approach for selecting new SAW device and acousto-optic materials, we
oK noted several ternary compounds of thallium, i.e., TljAsSe;, T1VSj3, which have
PO large acousto—optic figures of merit. Thallium is particularly interesting
01: because of its capability to exist in compounds in both monovalent and
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RATIO OF LONGITUDINAL VELOCITY TO DENSITY

Figure 9. Velocity-density ratio versus mean atomic weight for mineral
oxides. The upper solid curve is applicable to compounds with
Mohs' hardness in range of 6-7; the intermediate dashed curve is
for compounds with hardness of 4-5; and the lower solid curve is
for compounds with hardness of 2.5-3.5.

trivalent states, readily substituting for both Group I (Ag, Cu) and Group III
(Al, Ga, In) atoms. In addition, the thallium atom is relatively large; such
compounds can be expected to show large electronic and ionic polarizabilities.
As yet (to our knowledge), no one has succeeded in synthesizing a "ternary"
compound containing T1*! and T1*3 (essentially thallium in two different
lattice cation sites). The compounds of thallium with Group VB atoms,
especially vanadium, are interesting as well because of the variable valence

possibilities for vanadium.
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SECTION 3

MATERIALS SYNTHESIS AND CHARACTERIZATION

A.  CdIn,Te,

1. Material Synthesis

Our initial experiments were primarily concerned with growth of single
crystals of CdIn,Te, to demonstrate the feasibility of our approach. This
compound crystallizes in the point group 4 (Ref. 6) and is applicable for both
electro-optic (longitudinal or transverse) and acousto-optic (collinear)
applications. This compound was selected from several which we previously
identified (Ref. 5) as having large low-frequency dielectric constants and,

therefore, the potential for large electro—optic coefficients (Ref. 7).

The pseudobinary phase diagram for the system CdTe~In,Te; is shown in
Figure 12 (Ref. 12). The dotted line represents modifications made by
A. Borshchevsky (Ref. 13), and indicates that the compound CdIn,Te, melts
incongruently at 785°C. Our approach to single crystal growth utilizes the
Bridgman technique, using an off-stoichiometric composition which lies in the

region between 702°C and 785°C where solid CdIn,Te, (designated 8 in Figure 12)
24€y 8

L

1:{'.

is in equilibrium with liquid (£). This may be considered growth from

.‘n{
‘.

ll

solution — a constituent solution rich in In,Te3. Nucleation of a single

[
.

crystal is initiated by using a conically-shaped fused silica ampoule which is

NJ
-"‘;
LN

evacuated and sealed after loading. Invariably, the tip has been single; but

all runs to date have grown polycrystalline as the width of the ingot

IACNENCHENL
YN
5 4,

¢

increases. The top of the ingot (Figure 13) reveals the solidified "solvent”

]
[d Sf'\

b
B

from off-stoichiometric composition. Several large (>5 mm dimensions) single

?: crystals were found in some runs. The x-ray diffraction pattern for CdIn,Te,
'}kj was obtained and is shown in Figure 14.
i:?: Although the entire ingot was not usually single, a crystal wmeasuring
RN approximatey 5 x 5 x 8 mm was obtained from a starting composition of 637
In,Te3, 37% CdTe. The growth rate was approximately 1 mm/day.
This crystal was oriented by X-ray Laue techniques, cut and polished for a
variety of measurements including r,,, the electro-optic coefficient.
& A brief study was made to determine if one of the standard semiconductor
- e etchants would reveal grain boundaries in CdIn,Te,. Initially, we tried to
i
:j: sandblast the ingot, a technique which has been very successful in revealing
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N Figure 13. Ingot of CdlIn,Te,.

RS grain boundaries in CdTe. This did not work for CdIn,Te,. All etchants used
i‘:: also failed to reveal grain boundaries. Bromine:methanol formed an amorphous
2?2' skin on the ingot. Finally, we found that a light polish was the most
effective way of revealing grain boundaries. Although IR microscopy can be
N0 used, samples require slicing to thicknesses which limit further

A characterization.

2. Characterization

i'ﬂk : The resistivity of the CdIn,Te, crystal was measured to be 1.7 x 108 G-cam

)ﬁ? at room temperature using standard 4-point probe techniques. A transmission
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spectrum (Figure 15) in the range of 2.5 to 16 um was obtained using the

o s 2

-

Bomem Fourier Transform Spectrophotometer. The curve is very flat, indicating

——

the absence of free carrier absorption. However, the apparent transmittance

X (approximately 70%Z) value is not absolute; the instrument requires additional
l calibration because of high index of refraction of the CdIn,Te, sample. An
<! ) independent measurement of the refractive index using optical thickness and the
e channeling effect as described below yielded an average value in the range of
- 2.5 to 3 um of n = 2.95. This would correspond to a transmittance of

ib approximately 60%. The dispersion was determined to be small. The

- birefringence was measured to be 0.0135 at 3 um and 0.0122 at approximately
2 10 um.

ﬁ: The near infrared spectrum of CdIn,Te, was measured using a Carey

if Spectrophotometer. We determined the short wave cutoff to be 1.2 um. The
) transmission spectrum in the range of 1.0 to 16 ¥m is shown in Figure 15. The
. dotted portion was calculated from optical density data from the Carey.
‘ ‘v
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Figure 15. Near and Far IR transmission spectrum of CdIn,Te,.
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a. Channel Spectra

The determination of the index of refraction, n, of a material is

typically accomplished by measurement of the transmission spectrum of a sample

and calculation of reflectance and n using the well known equation:

and

1+ VR

n = i_:_yﬁL ,

where T and R are the transmission and reflection of the sample, respectively.
This discussion assumes no sample absorption. An accurate transmission value
is difficult to obtain because the increase in optical path length introduced
by the sample tends to defocus the radiation at the detector. The phenomenon
of channel spectra is also a nuisance in this measurement. The effect occurs
in moderately and highly reflective samples whose surfaces are polished and
parallel to avoid surface scatter and to obtain a definite sample thickness.
In these samples, an interference occurs between the “transmitted” beam and
that portion of the incident radiation which is internally reflected 2(or 4 or
6...) times. This interface occurs as a sinusoidal modulation of the
spectrum.

The channeling effect can be used, however, to determine the optical
thickness, nl, of a sample. Further, the channeling effect is conveniently
measured in the interferogram of a Fourier transform spectrometer where a
secondary peak in the data occurs at a mirror translation corresponding to the
same optical path as the optical thickness of the sample. Since the mirror
spacing is very accurately measured in the interferometer, the optical

thickness of a “channeling” sample is easily determined.
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Thus, this phenomenon, which is norwmally considered to be detrimental, is
actually superior to transmission measuremeat to determine the index of
refraction of a sample, in that the technique is not sensitive to the

defocusing effects of an optically thick sample in a focused beam.

b. Hall Measurements

S Hall samples were prepared and measured in our computerized llall
PR
FT apparatus. The results printed out by the computer are shown in Figure 16.
A .r..:.
i;#” The samples were run at room temperature and two samples were in close
e

agreement. The results are quite accurate, but the error ratios (0.957, 0.870)
show some minor problems with contacts (truly ohmic contacts yield an error
ratio of unity). Resistivity on some samples determined from the Hall
measurement was ~1.5 x 103 {l-cm, which significantly differed fron the hulk
crystal measurement; i.e., 1.7 x 10° 9-cm. Initially, we assumed that the Hall
measurements were correct and that the bulk measurement possibly reflects non-
ohmic contacts—essentially, a measurement of bulk and contact resistance.

These results were subsequently checked by additional Hall evaluations with
sample etching between measurements to assure that the llall measurement was not
assessing sample surface conductivity.

Hall measurements were repeated on a sample of Cdin,Te,, primarily to
determine a final value for the resistivity. 1In addition, four-point probe
measurements were made. Final results showed that polished samples have a
resistivity %103 9-cm. When these samples are etched in a bromine methanol
solution, the resistivity measures approximately 10® ©-cm. We believe that
surface damage from polishing creates a low P (conducting) surface, which is

subsequently removed by etching.

33




L ik S G aadl i Ml Sl Nl Sl LT

129421

bad g a2 2 2 2 2 2222 a2 st 2l sl ol R Y R YRR YRR TR R e vey

Cd: In: Te—1 C ORIENTED.

HARMSGS. O1t 13:55: 03 O02-MAR-82

10V 2 TERM MAX.NO SLOTS. In CONTACTS.

(AR E N RN
L EERERER

FYTTI TS XTI NS AS LTI RS S FELL ST AL LT LR YL SR S LS
Z=Terminal woltazes atl T=z OOE-OS ames

VS53= b 958 Err-Rat10(l)= 0 957

Vaz= b 84O Err-Ratio(l)= 0O 870

Samrle Cd In Te-1 T ORIENTED 12 5703 O0OZ-MAR-8Z
Samele. 1=2 O0E-0S, Thickness=0 5291 mm; rdax delav= O SO0 secs; #rdes= 1

RESISTIVITY MEASUREMENTS

RS4/23=  74&£78 Err-Ratic(])= G 982 Err-Ratio(S)= 0 975 ~Volts= 1 S4E-01
RAz/52= 4960 Err—-Rati1io(l)= 0 982 Ervr-Ratia(S)= O 62 ~Volts= 9 IIE-02
Rnho sa= 2 N7LE+D4 Rhol{ohm—cm)= 1491 F=0 9238 R-ralio= 1 548

HALL MEASUREMENTS
ViH)—ool s Erat(l)  Svmm(H) Oféfzel(H) Zro—drftl Zro-curw Fireld(siauss)

3. 64S1E-04 O 212 0 953 -0 010 0. 091 0. 0S75 10030. 6
Mu MusE R(H) N/ce N/ sacm
& QK0 0. ODOL 7. 631E+03 & 451E+14 3 429E+13
The mavimum welahted error was: 0. 094

Figure 16. Computer print-out for Hall measurements.

c. Measurement of Electro-Optic Coefficient

In preparation for measuring the electro-optic coefficient, r,, (=rg,), of
CdIn,Te,, the <100> faces of an x-cut sample were coated with indium-tin oxide
(ITO) electrodes. Thin layers (150 A) of ITO were deposited directly on the
sample at a temperature of 200°C. Layers such as these exhibit relatively low
resistance as well as good transmission from the near IR out to beyond 10 um.

After wiring the sample to the driver circuitry, we found that only about
50 V could be applied to the crystal before the ~18 mA current limit of the
driver was exceeded. For the 4 x 6 x 1.13 mm sample, this value corresponds to

an apparent resistivity of p = 6 x 103 Q-cm.
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E; Since contact effects between metals and semiconductors can often cause
‘ erroneous resistance readings, the sample's I-V characteristic was examined and
A is shown in Figure 17(a). In response to a triangular voltage wave (top
Ex trace), the sample drew a highly nonlinear current (bottom trace). The current
§: is seen to vary roughly exponentially with voltage, implying that a rectifying
' ) contact has been formed between the ITO and the CdIn,Te,. A similar I-V
-}: characteristic was observed when another sample with silver paint electrodes
?i; was examined (see Figure 17 (b)).
2;3 The different resistivity values observed above are at least partially due
. to contact problems and are not characteristic of the bulk material. In order
s to avoid these effects in our electro-optic measurements, subsequent samples
ES: were prepared with an insulating layer of SiO, between the ITO and the CdIn,Te,
i:: surface for measurement of r,,.
;: A preliminary value of r,; ~ 50 x 10712 m/V was determined using a simple
*\i ratio measurement technique. At first, serious discrepancies between theory
2\3 and experiment, made the above value suspect; the disagreement was determined
‘2; to be caused by twinning in the samples tested.
\u For these tests, x-cut samples 1.10 to 1.13 mm thick were coated with 2000
?é to 5000-A layers of Si0,, followed by indium-tin-oxide (ITO) electrode layers
Gﬁ approximately 400 A thick. The resistivities of the ITO layers were
%n? approximately 200 2/square. The Si0O, layers were required to prevent the
t injection effects described in the previous quarterly report. Complete
é; blocking was apparently achieved since essentially no current was drawn by the
ki samples for applied voltages up to 100 V.
ﬁ:g The measurement technique involves applying an ac field to the sample
{: along the x direction and measuring the ratio of the modulated component of the
'if transmitted light to the unmodulated component. The sample was placed between
'éé polarizers oriented as shown in Figure 18. For this arrangement, the ratio of
’:S the ac signal to the (chopped) dc signal is
- =3
. T et 1o
-
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Figure 17. 1-V characteristic of CdIn,Te,:
>, (a) 1ITO electrodes
- (b) silver paint electrodes.
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TLAn
.ﬁ: I = g—%—ﬂ . (2)
.\.‘:'
O
-\
> lere a = 1/2 (no+ne), % is the electric field, An is the birefringence, L
T~ is the sample thickness, and A is the wavelength. We have also assumed
' uq
;_: detection of both components by a lock-in amplifier. Solving Equation (1) for
'_.u
.~ r glives
oY b1
A
! o ] AnR
fe1=° 37 2T (3)
o 4n"E sin” T
AN 2
L According to Equation (1), the largest values for R are obtained when the
:ﬂ retardation (I') is an odd multiple of m. Thus, it is best to choose a
;:- wavelength for the measurement that produces this maximum. Making the
-~l
;u' measurement at a maximum has the added benefit that the sample thickness (L)
..\:
o need not be known.
i
n A schematic of the experimental apparatus is shown in Figure 18. A
25 tungsten halogen lamp is used as a light source, with either a 1/4 meter
O
-::. monochromatot or a circular variable filter acting as a wavelength selective
- device. The light is directed through the sample in an F/4 light cone and
.:f- detected with an InSb detector. Signal averaging is provided by a PAR 5204
.‘:.: 10 k"'. .
20 ck-in
3 In order to find the wavelengths at which R is a maximum, two wavelength
<
= scans are performed in series. In the first scan, the modulation component of
" the siznal is determined, with the lock—-in output stored in one memory channel
}f of a PAR 4202 signal averager. On the second scan, the dc (chopped) component
f: of the siznal is measured and stored in a second memory channel. The PAR 4202
Sy is then used to divide the modulation scan by the chopped scan to provide R as
N P
o a function of wavelength.
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Typical scans of R(A) are shown in Figure 19 over the range of 1.l to
4.5 Hm. The curves are in serious disagreement with theory in at least two
respects. First, according to Equation (1), R(A) should always have the same
sign for a given lock-in amplifier phase setting. In Figure 18, R(A) has both
positive and negative excursions. Second, the oscillations in R(A), determined
by the sin® (T/2) factor in Equation (1), should coincide with those found in
the channel spectrum which, according to theory, also varies as sin? (r/2).

The experimental channel spectrum for the same sample is shown in Figure 20.

This was measured with the polarizer orientation, as shown in the figure.
Close examination of the curves in Figures 18 and 19 show that the R(A)
oscillations are shifted to the right for A > 1.6 um, relative to the channel
spectrum oscillations. For A € 1.6 um, the oscillations seem to be roughly in
phase.

Further examination of this sample and one other showed that the R(A)
curve could be raised or lowered (i.e., the positive to negative crossover
points changed) by directing the light through different portions of the
sample. Also, the R(A) curves could be similarly distorted (to a smaller
extent) by changing the drive voltage.

oThe dependence of R(A) on position implies that the sample is not

homogeneous. This conclusion was supported by subsequent x-ray topography

‘n' N )
.| ! .
ota

studies which show distinct variations in crystal structure within the top ~i

."

#m of the sample. 1f these variations exteand further into the crystal they
could explain the anomalous results.

Simple models of polycrystalline structures have been examined to see if
the features exhibited by Figure 18 could be reproduced. We have shown that a
change in sign of R(A) can come about if two different crystal orientations,
e.g., back-to-back twins, exist within a sample. Thus, if two equally thick
regioﬁs are found in contact with their z-axes parallel, one with a (L)
orientation and the other a (110), R will change sign as the wavelenat is
varied. These calculations show qualitatively that the anomalous benavior

could be caused by a non-uniform crystal structure.
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Figure 19. Experimental scans of R(A).
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On this basis, calculating r,, using Equation (3) results in a value for
r,, of approximately 50 x 10712 m/V. This number is more than an order of
magnitude larger than that found in AgGaS,. Thus, CdIn,Te, promises to be a

very attractive candidate at least for electro-optic tunable filters.

d. Analysis of Cdin,Te, E-0 Measurements

Initial measurements of the electro—-optic effect in several test samples
of CdIn,Te, have produced anomalous results in some wavelength regions where
the phase of the detected output signal has changed sign with respect to the
driver signal. In an effort to explain this anomaly, we postulated the
existence of twinning, wherein one portion of the test platelet has <100>
orientation and the other has <110> orientation. Such a hypothetical model is
shown in Figure 21. Here we show two zones having the indicated orientations
of lengths £, and %,, respectively. The operative EO coefficients are
indicated as r,, and r,,. Other relevant parameters are the resistivity, p,
optical phase shift, ', due to the static birefringence, and the field-
dependent rocking angle, a, of the optic axis.

Omitting a rather lengthy and tedious derivation, we can show that the

optical transmittance, T, is given by

1T=1/2 + (cos I') —cos I') a; + (1 — cos r,) e, , (4)

where

r=r,+r, . (5)

Experimentally, the phase-sensitive detected signal is proportional to the
derivation of 1 with respect to the driving field. Figure 22 shows the

expected signal.

dt
— = 2 cos I, —cos T —1 6
42
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Hypothetical crystal orientation.
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as a function of wavelength, or I, in the range 57 to 97 for the assumed

conditions,

r, =T 7

a, = -a, . (8)
Also shown is the corresponding channel spectrum,
. 2 T
1 - cosT (equ1valent to 2 sin EJ . 9)

It is clearly evident that the phase of the signal does indeed change sign,

1y

indicating qualitatively that our model is plausible. We note also a shift of

r'::
*:ti phase between the two types of signals.
Pl
s f. Measurements of Electro—Optic Coefficients: r;; and rg,
?t} We have made preliminary measurements of the ceclectro-optic coefficients
?:;: ry3 and rg3 in CdInyTe, at wavelengths of 3.39 um and 1.15 um. Together with
:*{ﬁ: these measurements we have also determined the approximate values of the
i refractive indices at these wavelengths. The results are shown in Table 3.
.}:J The values of the EO coefficients are as yet approximate due to possible
"
:;:' imperfections (e.g., twinning) in the sample tested. These measuremeants will
Ch LN
'{5{ be repeated at a later time when new, improved crystal samples are prepared.
]
'5i; Table 3. Measured Values of Electro-Optic
;33 Coefficients and Refractive Indices
‘;;f in CdIn,Te, at A = 3.39 um and 1.15 um.
{uj- (Applied Field Parallel to Optic Axis)
";:‘: A, Hm n r13, pm/V r63, pm/V
o 3.39 2.85 0.15 5.53
[} a-\"
e 1.15 3.12 0.15 5.24
BV
7.,
o,
e
.:"J
f~:
I‘¢
) "‘.
or
'.c":.:'
e
::.::. 45
o

N N

NN N NN A

L T Y
PP e S e e Nt w e Ty <t
T e h ) N, ...\\\.\




-,
fl
»

< \"'."'.t T'. i

LS

-

™
v .
&

p @ 2" -5

»
P
DS

..

."-‘: .‘.“ ’

LY

AT
A M N

“»
[ X

O A C A = e T L VL RACLE LR FN S hY '-,'s,:'« EREGC AL A COEA St SO

Theory

Diagonalization of the electro-optic impermeability tensor for electric
field applied in the z-direction in CdIn,Te, (symmetry group 4) leads to the

following results:

® Fast and slow axes are induced in the x-y plane, rotated by an angle,
a, with respect to the principal axes, where

tan 2@ = r63/r13 . (].O)
o The effective electro-optic coefficient is
2 2
reff = rl3 + r63 ’ \11)

that is, the induced phase retardation, I, between the fast

3 2 2
n Vri3 + re3 Vm . (12)

where V, is the applied voltage, or field-length product, for longitudiaal

and slow components is

v
|
>t
=

imode LO operation.

Note that if r;; = 0, Equation (10) shows that a = 45°, which is the well

known case with 42u crystals, e.g., KDP.

leasurements

With an electric field applied to transparent (ITO) electrodes on the
(UM1) faces, a basal-cut Cdin,Te, sample was placed between crossed polarizers,
as shown in Figure 23. The sample was mounted on a rotation stage allowing
cotation through a complete 2T angle with respect to its initial orientation
parallel to the polarizer/analyzer axes. A beam from a He-Ne laser, circularly
polarized by means of the Babinet-Soleil compensator, was transmitted through
the sample, through the analyzer, some attenuator screens, and finally to a

detector element (InSb for 3.39 um, and a photomultiplier for 1.15 um).
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The relative transmission, Ilgu¢/li,,» With this arrangement, as

a function of the angle O = ¢ + a, can be shown to be

I /I

ouc/ T = /2 L+ T sin 20) . (13)

Figure 24 shows the variation of the detected signal with ©, using a square

wave voltage, 4 V peak-to-peak, and phase sensitive detection at A = 3.39 um.
It proved to be most sensitive to measure the null points of the signal to

establish the orientation angle, ®&. Four such null points were measured,

leading to

r63/r13 tan 2a = 35.8 . (15)

By measuring the relative transmission at the four peak positions, the phase

recardation, or modulation index, T, was determined:

[ = (4.75 £ 0.15) x 1073 .

Using liquation (12), we obtained at A = 3,39 um,

g = 0053 pn/V,

‘13 = 0.15 pa/v,

5.53 pm/V
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Figure 24. Variation of detected signal, due to EO modulation as a function
of rotation angle, 0 = ¢ + a,
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: Similar measurements using the 1.15-um lie-Ne laser line gave the results
( i shown in Table 3.
O The average index of refraction, n, measured at the two wavelengths was
}}: determined from direct transmittance of the sample. Allowing for multiple
:;: internal reflections, but without coherent superposition, the transmittance is
pc 20
o T = . (17)
o n+ 1
RAS
o u %
g
NN Thus, solving for n,
1Y
. _ 1 / 2
ﬁ\' n=T+ (1/71) 1 . (18)
L Measured transmittances yielded the index value appearing in Table 3.
A4
<44
21 B. SYNTHESIS OF NEW TERNARY CHALCOGENIDE COMPOUNDS
L]
Y
ﬁ{ As part of this investigation we attempted to synthesize (in addition to
3%Y CdIn,Te,) several new ternary chalcogenide compounds, including AgGaTe,,
&uw inGa,s,, CdGa,s,, Znln,Se,, and Znln,Te,. The variations in physical
o properties ol these compounds introduce a variety of obstacles in coupleting
“ \.
,jv the reactions to form the ternary compound from either the constituent elements
N or the binary cnd mewmber constituents, e.g., ZnS, Ga,S3, even with excesses of
N one component for off-stoichrometric solution growth. Some have very high
~A: melting points, e.g., 4nGa,S,, which is reported to melt above 1300°C. Others
o,
}: have highly volatile elemental and binary constituents, e.g., Zn, Cd, ZnS, and
v
- CdS. These properties require the use of several different reaction/synthesis
;3 techniques:
.
o
v I
j{ L4 50lid-liquid phase reaction = In this method, the components are
J:. introduced into a short ampoule, which is evacuated and sealed. The
] ampoule is lowered through a thermal zone which is usually higher in
) Lemperature than the melting point of the desired compound. Low
\i melting constituent elements or compounds initiate the reaction and
:s‘ enhance the reaction rate.
«
o
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® Vapor-liquid phase reaction — This synthesis is typically carried out

by reacting the molten metals contained in a boat in a closed
evacuated ampoule. The chalcogenide vapor is introduced into the
reaction zone from the cold end of the ampoule by slowly increasing
its temperature. A rocking furnace enhances mixing of the coaponeats

and allows the reaction to go to completion.

A Vapor phase reaction — When constituent elcments or intermediate

compounds containing some of the constituents have high vapor

pressures, the reaction to form a ternary coupound can occur by

reaction of the vapor species. This is a difficult process to safely
complete, especially when there are significant differences in vapor
pressures of the species. The ampoule must be heated slowly to
permit rvreaction to take place before significant pressure build-up
occurs. In addition, the heating wust be uniform to prevent

condensation of intermediate (transient) phases.

All of these reaction techniques have been used in this labouratory as part of

this program to synthesize new materials and are discussed below.

1. AgGaTe,

The first method discussed above, solid-liquid phase reaction, has been
used successfully for the synthesis of AgGaTe,; which has a low melting point
that permits reaction to occur without any significant pressure buildup. The
low melting polnt of gallium enhances the reaction. 1In this case, reaction and
subsequent in situ crystal growth can be accomplished by using an off-
stoichiometric composition similar to the way we have grown single crystals of

CdIn,Te, previously described in this report.
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Polycrystalline ingots of AgGaTe, were ygrown from the melt using the

Bridgman~Stockbarger technique. AgGaTe, is an incongruently melting

p——

chalcopyrite, and the existence region has not been studied in detail.

X2

:ij Successful synthesis of AgGaTe, has been acihicved from a Ga,Tes-rich solution.

'E:: flowever, our measurements, as discussed below, indicate the possibility of

’ variations in stoichiometry or an additional phase within the ingot.

i: lecent studies at iRL using differential thermal analysis (DTA) indicate

Eﬁf that the phase diagram (Figure 25) reported in the literaturel!™ is generally

;;{ correct on the AgTep-rich regions around the compound AgGaTe, (8 in the

\‘- diagran). iowever, our findings (Figure 26) indicate that crystallization from

3 the GapTej—rich side is possible within a short temperature range, but crystals
invariably contain an additional phase which we could not identify. In
addition, the slopes of the liquidus and solidus curves on the Ga,S3-rich side

§ are very flat, leaving only a small T-X region to work in which to obtain

'BE single crystal growth. Our investigation by DTA of the Ag,Te-rich side of the

:E: phase diagram indicates that it is more promising for single crystal growth of

3; AgGaTe,.

{ A 0.5-in.-diameter boule, grown by the Bridgman-Stockbarger technique, was

%ﬁ found to be polycrystalline along its entire length. The x-ray diffraction

Eﬁ pattern for AsGaTe, is shown in Figure 27. A few large pieces were mined out

“? for dielectric measurements. The average dielectric constant, measured at 1

" Mz for this material, was 270 (Table 2). tlowever, there were large variations

dﬁ in the measurement from sample to sample (nearly 357%), indicating either

¢§ variations in stoichiometry or the presence of an additional phase. An IR

}i transmission measurement (Figure 28) showed transmission of ~407% (uncorrected

. for Fresnel losses) at 2.5 Wm, decreasing in a manner typical of free-carrier

ii absorption, becoming opaque beyond 4.5 Um. From its composition and

_%: relationship to other chalcopyrites, transmission further out in the IR would

:js be expected. DC resistivity for AgGaTe, was measured to be as high as

{ii 6 x 107 %cm on some samples.

‘;g In a subsequent run, an ingot of AgGaTe, was grown from a melt composition

iﬁ which consisted of 40% GayTey and 60% Ag,Te; the startiang point, both in

C{ composition and teaperature (800°C), is shown by X in the pseudo binary phase

." diagram in Figure 25. Crystal growth is initiated at the line a~a' where the

iﬁ solid AguaTe, is in equilibrium with the liquid (composition at a).
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e
:?ﬁ Borshchevsky13 has shown that the composition line for AgGaTe, is essentially
A straight in this region — not as indicated in the published diagram. The
{ growth rate used was 0.5 mm/hr. The ingot was polycrystalline with
:*E ) submillimeter grains.
:} ‘ No single crystals of significant usable size of AgGaTe, were grown during
5& _' the course of this program.
'E? 2. Additional Ternary Chalcogenides of the Type AHB?_IHCqVI
3% The vapor-liquid phase reaction has been used to synthesize ZnlIn,Se, and
. Znin,Te,. In these cases, Zn and In are mixed in stoichiometric proportion ia
\cn a boat, melted, and subsequently reacted with the chalcogenide, which is, in
.Q; turn, Introduced as a vapor by slowly pushing the cool end of the tube into
~$£ the hot zone of the furnace. The procedure lasted approximately 15 hours and
: yielded a large amount of the ternary compound. The reaction, however, was not
?} complete and some intermediate reaction products, e.g., ZnSe, In,Se,, ZnTe, and
5; In,Te; remained. The x-ray data (Figure 29) indicate great similarities between
:i: the ternary compound and the II-VI binary. This has caused some concern of the
Y completeness of the reaction. An investigation using Guinier techniques
E¥' revealed the presence of some ZnSe and In,Sej. We are pursuing this to
ié deternine 'quantitatively the degree of completion of the reaction. The products
':% will be remixed and reacted once more to ensure that no additional phases are
o present.
x: We have investigated the vapor phase reaction technique for compounds such
%: as CdGa,S, and ZnGa,S,, which have relatively high melting points and where
.;: intermediate compounds, e.g., ZnS, CdS, Ga,S3, have significant vapor pressures
N at elevated temperatures. We have approached the synthesis/reaction using both
‘gi elements and intermediate compounds as starting materials. The approach using
‘;g elemental constituents for CdGa,5, has been successful. However, we have
»55 experienced condensation of these phases in cool portions of the ampoule as
% well as an explosive build-up of pressure. Runs lasting as long as ll days at
;i 1050°C have, at times, shown little or no reaction, the resulting products
;i being ZoS or CdS and Ga,Sj.
tﬁ Attempts were made to synthesize samples of ZnIn,5,. ZnIn,§, is
}; particularly interesting because it belongs to the same point group (3M) as
'J LiNbO; and contains a fraction of the indium atoms in octahedral coordination.
>,
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Figure 29. X-ray diffraction data for ZnTe and ZnInzTea.
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N Our approach involved the reaction of the molten metals with sulfur in a
‘ol rocking furnace. Initial attempts were not successful.

——

(1 .

Two compounds containing Zn, In, and S were identified as reaction

L |

Ezﬁ products by x-ray powder diffraction techniques: Zn3In,Sq and ZngIngS,,. The
H:ﬂ powder diffraction pattern for these compounds is shown in Figure 30.

ljJ ) C. OTHER TERNARY COMPOUNDS (ZnGeP, and AgGaS,)

:;?2 Our previous knowledge and experience in the synthesis and crystal growth
Eﬁﬁ of ternary compounds having the chalcopyrite structure led us to grow crystals
e of ZnGeP, and AgGaS;. The family of compounds of the type

l\wv AIIBIVCVZ has been of interest because of the potential for large

:gf non-linear coefficients; the largest has been measured in samples of CdGeAs,
‘ii; but this crystal has not been successfully grown in larger than millimeter
'5{; sizes. The ternary chalcogenide chalcopyrite, AgGaS,, is interesting for the
Eﬁ} investigation of its properties relating to acousto—optic and SAW devices since
itg it is the ternary derivative of Group II sulfides, e.g., CdS, wherein a Group I
isj and a Group III element alternately substitute for the Group II element. This
{ substitution doubles the unit cell dimension in the c-axis direction, thus

}:}: yielding a tetragonal crystal lattice.

ﬁ:? ZnGeP, was synthesized by reaction of the elements as described in

‘;;E reference 15. Using the pre-reacted material, crystal growth proceeded by a
g vertical Bridgman-Stockbarger technique. The compound melts at approximately
uxjn 1020°C; no phase transitions were observed in the solid upon cooldown or by
.;;E DTA. An infrared transmission spectrum of a crystal indicated a short wave
.£?I cutoff of approximately l.4 micrometers and a long wave cutoff of 13

fhé? micrometers.!® Although the crystal showed theoretical transmission (uncoated,
5§{- uncorrected for Fresnel losses) of nearly 587 in the range of 3 to 8 um, some
;ﬁé structure was observed in the far IR portion of the spectrum indicating the
‘Qﬁ possibility of impurity absorption in these reglons. The non-linear

’{: coefficient has been reported'® to be dy, = 2.7 x 1077 cgs or 111 x 107}2 m/v.
f:f;f These measurements are reported within an accuracy of 30% and were not

i;ii reconfirmed during the course of this program. Phase-matched sum mixing of
gi; 10.6 um and 1.6 um has been reported previously.l7
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AgGaS, was synthesized by reaction of the constituent elements in a
rocking furnace; the sulfur is introduced as a vapor above the molten metals in
stoichiometric proportion at 1050°C. Rocking perturbs the molten floating
layer of AgGaS; on top of the metals aud thereby allows further reaction with
the sulfur to continue. The compound is subsequently zone-refined for
purification and stabilization of the maximum melting cowposition. Crystal
growth is carried out using material which has undergone four zone passes nixed
with additional Ag,S to grow slightly on the Ag,S~rich side of the existence
region. The maximum melting point occurs at approximately 1006°C; the
addition of AgyS lowers the melting poiint slightly. Single crystals are grown

using the seeded Bridgman technique. As-grown samples have resistivities of the
12
0

order of 1 ohm—-cm. Transmission spectra show theoretical transmission from
approximately 0.6 to 12 um. We determined the electro-optic coefficient, ry; =
sy, to be approximately 3.6 pm/V. Properties of this material pertinent to
SAW devices have not been investigated. Our plan to determine the stress—optic
coefficients using anisotropic transmission ellipsometry was not completed

during the course of this program.

W)
. .l -
M S

Sl

P
"".."-

|

)
-

Jasr

61

ol e a e, . ettt FEa P T e e et tatatate | tetm® e 8 e Lt
‘)" |/ ..’1,,' o !:"-' o "J\‘.Q,JI",'O. -‘-‘d-:"- N '\ APy oo e LT e AN A .




LR 8 310 T & T e die JATA 34 20 BhTA R WA BACAAR AL DAY A AAEL 2L R AR S O IPRA L S REAERCASS S ;‘r_.r;\r.\if_.v':?_:iﬁ‘- O i o 1
L)

“uy

"

-
-
-

SECTION 4

THEORETICAL MODEL: ELECTRO-OPTIC EFFECT IN CRYSTALS

During the DARPA program, a parallel effort was pursued by Professor Amnon
Yariv and Dr. C. Shih, Applied Physics Department at Caltech, to develop a

- theoretical model for the EO effect in coordination with the structural analog

concepts pursued in this program. The prime motivation of the theoretical
effort was to obtain an expression that could be used to calculate and predict
the EO coefficient of new crystals. By applying the localized bond charge
model of Phillips and Van Vechten,!®~19 yhich attributes the dielectric
response of covalent crystals to the localized bond charge, Yariv and Shih?

" have developed a method for calculating the EO tensor coefficients.
Comparisons with experimental values for binary compounds having zincblende and
wurtzite structures were excellent. Recently, the calculations have been

extended to ternary compounds (Table 4) with equally good results.

Table 4. Results for LiNbO3 and LiTaO3

LiNb03 '.iT{l().)
: 28 43
Ede3
43 4l
€del,2 ¢
* .
1.8 2.0
eC/c
Nb-0 (Short) | Nb-O (Long) | Ta-0 (Short) | Ta-0 (Long)
2r 1.889 A 2.112 1.891 2.071
o
£ 0.821 0.830 0.847 0.853
-f 0.292 0.241 0.282 0,218
T3 Ts1 "33 "5
r +19.9 +19,7 +27.8 +16.5
ionic
r + 6.0 + 0.8 + 3.70 + 0.24
N elec
theo +25.9 +20.5 431.5 +16.7
sum
+

rexptl +28 +23 +30 15

7209
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SECTION 5

PHOTO~ELASTIC MODEL

To model the acousto-optic effect or photoelastic effect, we shall start
with an index ellipsoid method of calculating the effective index of refraction
as a function of direction of propagation. The index ellipsoid can be written

as

2
1 = E(L . (19)
nij

In the principal coordinates system, the cross terms vanish, leaving,

2 2 2
Y U5 U Y 6 U S 5 T 209

n n n
XX yy zz

To model the photoelastic effect, one considers first order (linecar) changes in

the (1/“1j)2 components in terms of strains or stresses in the solid.

Therefore, we write

1
Al—)= Q 2
(nz) Pk ke (21)

where S g is the strain component, and Pijkl is its photoelastic
constant. 1In analogy, in the Pockels effect (linear electro-optic effect), we

write,

2
1 (o) -
Af—) =1r,., E ’ (22)
(nij) ijk 'k

where the polarization in its ith direction is,

M)

() .(0) ..
Uk B . (23)




- In the elasto—optic case, we may write the ith component of the polarization

as
1

(@) (o)

<
= . 1
i Czpijkl j k® (24)

¢
Ny P

In order to examine the source of this polarization, we consider the individual

bonds. For bonds i and H(i) = X(i)E(w)’

) i = bond direction x,(i) the bond susceptibility, and

vy Gé (8=1,2,3) are the direction cosines of the ith direction bond.

Thus,

P M W/ W A Y
o]
|
oy

. A Ao A iA iA iA
A1 = (Pxx + Eyy + Ezz) . (al X + az y + u3 z
‘: =£a(i)(w)
s s TEg ’ (25)
and
u(i) = x

3 (1) L(i)o(w)
PN (26)

Now we can express Py in terms of a sum over the individual bonds, where

N = number of unit cells per volume = 1/ and € = volume of the unit cell:

. .
ste ety

i s M s

SN YD Y CLIMI CORMCO BRI YR n :
i S ..

D ) AR AR I (28)
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where

|24

v

v T Ske %k (31)

because shear waves do not change the volume; therefore,



From Equations (20) and (21) we obtain

D D S (O RS SR CO I Vot a‘“
i e=1,2,3 ° |8 3 B
cell)
da da
R xi(ai” R )\
ki k2
a
k& )y (1) (1) (w)yr ; (34)
K z 2 % %y X7 Eg
i s
but
€,, €
- 8s (w)
APj = c. Piju Sy B . (35)
Therefore, we can {dentify the elasto-optic coefficient as:
(1)
)
P oDt &2 n® 10X @
J kR €jj€ss j 8S s askz h| k2
\—\~ - ~ e
A B
a
jj ss i '
N - s
C

Terms A and C in the above expression correspond to an elasto-optic effect

that {s linear {in the strain. This 18 the normal elasto-optic effect.
However, the B term in the above expression, which gives rise to a quadratic

elasto-optic effect, corresponds to rotation of bonds which could be a large

effect. However, this has not yet been ohserved.




SECTION 6

OPTICAL EVALUATION OF CRYSTALS

A. MEASURING STRESS OR STRAIN INDUCED ANISOTROPY IN SINGLE-CRYSTAL
MATERIALS

. The technique usually used for measuring the optical anisotropy or
bierefringence induced in a single crystal by applying stress to the crystal is
dual-beam interferometry. In this technique the optical beam is split into two
beams. which are passed through two samples of the same material. When stress is
applied to one sample the optical index changes, causing the phase of the beam in
that arm to change and the interfering beams produce a shift in the fringe
pattern. 1f a careful measurement is made of the fringe shift, then this
quantity can be used to evaluate the stress-optic of the elasto—optic coustants
of the material. For example, the stress—optic the elasto-optic effects are

given approximately by the following expressions:

AN

3
and

AN

3
1/2(No) P, €

where N, 1s the ordinary refractive index of the mediunm, qj j and

Pij are the stress optic and elasto-optic constants of the medium, and

) d and € are the applied stress and the resultant strain. These equations can be
-
'f:{ evaluated to estimate the change in index due to an applied force. For example,
.
:} if the refractive index of the medium is 2.5 and the stress optic constant is
3 X
= 10”11 cm2/dyne, then a force of 1 1b (4.5 x 10° dynes) applied across a 1 mm
,ti‘ square cross section sample will produce a change in index of
i:i: 3 11 7 3
S AN = 1/2 (2.5)°(2 x 10 ") x 4.5 x 10" = 7 x 107~ . (39)
SN
This corresponds to a change in phase of
2o = By oy« —8B8 — 1077 x 7 x 107 = 69.6 radians = 3985° , (40)
0.632 x 10
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&' or to a shift of 11 fringes, If the same force were applied across a 10 mm
"“n.' . R

iq square cross section, we would get a phase shift of 0.7 radians and a corres-
L9%S

:iﬁ ponding shift of 0.11 fringes. If the sample is thicker than 1 mm then these
o

NN fringe shifts are correspondingly larger., If the samples are not mechanically
oy strong, the. the applied force must be restricted to lower values and the

\.' - s

-\{: thickness of the samples must be increased.
%}i: If the crystals have a relatively high refractive index, then the possi-
- .l bility of multiple propagation or multiple reflection effects can occur.

o These effects can significantly alter the phase of the transmitted waves and
P ]

L. they can lead to errors in the determination of the stress optic and elasto-
«ifj optic constants, For this reason we have analyzed the phase changes intro-
)‘-" r . : 3

o duced into a polarized beam propagating in an anisotropic medium in a later

section.

-y

,?:: The method for the measurement of the photoelastic constants of materials
., used by the National Bureau of Standards is given below. In this system (see
- Figure 31) an unpolarized light beam passes through a Wollaston prism which
N i separates the two polarization components., The vertically polarized compo-
5y

i:; nent is not deflected by the prism and it passes down the axis of the system
»f}: through a A/4 wave plate to amirror which retro-reflects the beam. This
el )

e beam passes through the )A/4 wave plate a second time and exits as a hori-

zontally polarized wave, which passes back through the Wollaston prism and is

then deflected as an output beam. The horizontally polarized component of the

+
;:% input beam is deflected by the Wollaston prism and it is recollimated by a
l;i lens and passed through the sample, the )\/4 wave plate, reflected from the
:3_ mirror and back through the optical system including the wave plate, the two
~§% lenses, and the Wollaston prism. The double passage through the wave plate
.$:: rotates the polarization so that the sample beam exits the Wollaston prism
%ﬁ undeflected and collinear with the reference beam, These two beams now .
A interfere to produce a set of interference fringes which shift as stress is
i;i applied to the sample. TIf the orientation of the Wollaston prism is rotated
,?;: by 90°, the elasto-optic effect for the orthogonal polarization is observed.
;f: Using this set of fringe shifts and the applied stress values, the elasto-
::: optic constants of the materials can be measured using the theoretical expres-
EEE sions derived below.
e
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The optical phase difference before applying stress is given by

s i v
A{ll

., 'l. ‘r:‘:’ ':\"V

LA

_ 2, 2r o _2m _
A¢1 =% MW, =% T=3 TN - L) . (41)

e 8 a"¢"a

Al

The optical phase difference after applying stress is given by

l.‘
¢ 4

NN,

A¢2 = %E(T + AT)(NO + ANO) - %1 (T + AT) . (42)

1 4
3

e

The net phase change 8¢ = 84, — A9, corresponds to a fringe shift, AN = Ap/2m:

.I »
M .“';“})(:"J".-

K
s
- N

Ay = f [(T+AT)(NO+ANO) - (T+AT) - T(No—l)] = %‘[TANO+ATN°—AT]. (43)

R

o
0 "

. 3 3 .
itJsiny the 2] i 31 < A = A AP
Using the relationships, 4N NO/Z 991 P and N1 NO/Z 99, , and solving

1

for and Uyps We find

1)

2 120

j>
—

— 4 (No -1)s (44)

2 N
o |

and

%
(e

[
P

(45)

o5
1l
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&
+

—
-
|
Pt
SN—
72

412

?
=

C w

witere 8N is the fringe shift, 8P is the appliecd pressure, and 5y, is an elastic

[ 2
b A. [ ]
<%

constant. Fvaluation of the stress optic constant in this experiment also

)
lfl 'l_f"’

»
A

requires an evaltuation of the elastic constants of the material. If we

Vo

-
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recast these equations in terms of the strain optic coefficients,we can

simplify the procedure to

1 T AT
AN = = - | = — = - 46
N = 5 |TAN_ + AIN - AT }\[ANO + (T )(NO 1)| . (46)
Using the strain optic relation,
Ng Ng ATl
ANlO = 5 P11€l and ANZO = 7 P12C2 H Ll = T—l"— (47)
this becomes
T rNS ]
AN1 =3|7 Pt (N - 1)e3J (48)
and
. [ ~
=210 _
N, = 5 |3 Plo€y * (No l)t-:3 . (49)
L p
Solving for P11 and Plz,we obtain the evaluation expression for the elasto-
optic constants,
AN €
2 A1 3
P,=S[s—=® -1) = (50)
11 N3 T €4 o 51]
o
and
AN €
2 A2 3
Po==ls—- (N -1) —| . (51)
12 Nz T C2 o &:1

The quantity 63 = AT3/T3 is the strain induced in the medium in the direction
of propagation of the light, and €, = ATl/T1 is the strain induced in the

medium in the direction of the applied stress. In this case,strain gauges

must be applied to the sample to measure both strain parameters. This is

experimentally cumbersome.
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In comparing relative photoelastic measurements, if two polarized ortho-

gonal beams are sent through the sample and stress is applied parallel to one

polarization, then the relative phase change between the two waves have the

form

2T No3
Ap = 2n(AN1 - ANZ) =3 'Tz (P11 - PlZ) Cl + (No - l)e3 -~ (No - l)e3 .

(52)
The fringe shift is given by
N 3
8¢ T o -
AN =or=x2 By - By & (53)

and the differences between the elasto-optic constants is equal to

AN/ 2 AN
P, -P ,=f=-Y— — 1 > (54)
11 12 (T)(No3) (Cl)

where AN is the fringe shift for materials under uniaxial compression. For

materials such as fused quartz P (0.197-0.088) = 0.1 and N = 1.46

117712 =

at A = 6328 X. For a l1-cm optical path and a strain of 10_5’
-2 3
o e—20m L30T, (0.1) x 107
0.6328 x 10 m
= 0.025 fringes = 8 deg (59

The measurement of 2/100 of a fringe is very difficult unless you use a
technique such as ellipsometry or a Babinet Soliel compensator to convert an
optical-phase change into an optical path change. When measuring infrared
transmissive materials, the refractive indices are usually at least a factor
of two larger than that of quartz,and the fringe shifts will be of the order
of five times larger at the same wavelength. At longer wavelengths the shifts
will be smaller.

These techniques can be directly applied to polycrystalline materials if
they do not disturb the polarization state of the light propagating through
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the crystal. This can be checked using a crossed polarizer and analyzer to
observe the field. If the sample appears variegated or matted, then the

beam has been depolarized and a simple interpretation of the effect is not
feasible. If the polarization state is disturbed, then part of the elasto-
optic effect will be to scatter light back into the original polarization that
was scattered out by the randomly oriented crystallites; the other part of

the effect will be to modulate the phase of these polarizations. The resultant
effects will probably not be simple to interpret, but it is worthwhile to
experimentally evaluate the effects of stress applied to a polycrystalline
anisotropic rectangle through which polarized light is passing. 1f large
elasto-optic effects are observed then obviously phase cancellation is not
important and this approach will be useful for evaluating materials. If it
does not work, then we will have to grow single crystals of these materials

or we will have to develop techniques for measuring small regions of thinly

sliced samples.
B.  ANISOTROPIC TRANSMISSION ELLIPSOMETRY

The measurement of anisotropy in crystals can be done by reflection or
transmission. If the anisotropy is largé then conventional ellipsometry can
be used to measure the relative amplitude reflection ratio of the parallel
and perpendicular polarization components. If the anisotropy is small, a
transmission technique is more pertinent because the long optical path will
produce large changes in the relative phase shift of the parallel and perpen-
dicular components. For reasons of analytic simplicity,the transmission
experiments are usually conducted at normal incidence. In this case, the
waves can undergo multiple reflection between the faces of the sample and the
sample acts as a Fabry-Perot filter, The Fabry-Perot effect enhances the
relative phase shift due to anisotropy so that the measured phase shift of the
two polarization components 1s larger or smaller than that expected from a

single pass. Starting from Born and WOlf15

s P+ 323, the expressions for the
complex transmission coefficient of a dielectric plate have been recast into

the ellipsometer equations for transmission through an anisotropic dielectric
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plate (see Appendix). These equations snow that the measured optical phase
shift cannot be used directly for evaluating the anisotropy. Instead, iter-
ative computer calculations will have to be performed to fit the experimental
data. The process is similar to ordinary ellipsometry>with the exception that
the complex transmission coefficients are different than the reflection
coefficients.

In practice, a sample is placed in the beam of a transmission ellipsometer *
and adjusted until the optic axis lies either in the horizontal or the vertical
plane. The instrument is then adjusted for a null in transmission and the
parameters A and ¢ are determined from the instrument readings. These param-
eters are fed into the computer and an iterative search is performed over a
selected range of N" » Ny and T to obtain best fits to A and then the chosen

values Nﬁ Ni T' and A are used to evaluate ¢. There may be numerous values

of these parameters which provide the same values of A and .

Computer simulation calculations with these equations are required to
study the "dispersion” of the equations for different refractive index and
index anisotropy ranges as well as for varioys thickness ranges. These
calculations will also be done for various wavelengths to determine if optimum
thickness or wavelength regimes exist for performing these measurements.
ldeally, one of these sets of calculations will show the same thickness values
and index values for each wavelength. In this way the multiple wavelength
data can be used to screen out incorrect results. [t is even possible to
write a program which will evaluate the results of multiple wavelength measure-

ments simultaneously.
C. DOUBLE REFRACTLON AND THE STRESS OPTIC EFFECT

The indicatrix of an anisotropic crystal is given hy

S =] or B, X, “+ B, X.°+B. X.% =] (56) ~
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The change in index for a stress along the 1 direction (x) is given by

A

L
L s

N

1 3
L ANl =-3 (Nl) AB1

]

)
N |-
~~
Z

> =1 3 4
RON N > (Nz) A82 2) "12%1 p (59)
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x. The change in index for a stress along the 2 direction (y) is given by

i:

X aN, = - L )3 am Lwydn o )

2 N =-5 1772 N M9

o 3

x AN, = - % (N,)” 8B, = - % (N2)3 1% : (60)
o1 3 1 3

~ ) ANJ =-3 (N3) A33 -3 (N3) M99 J

}E The change in index for a stres's along the 3 direction is given by

8 ol s ool gy? )

p ANy = -5 (N7 8By = =5 (N7 mq,04

A

> 1 3 1 3

P - = . = = . =

s AN2 =-3 (N2) AB2 2 (NZ) LEVTR > (61)
.\

< 1 3 1 3

. ANy = = 5 (N7 ABy = = 5 (N3)7 my504 J

.

é Using the coordinate system,1 = x, 2 =y, 3 =2z and 0 = 01, 02 = 03 = 0, and

- Nl = N2 = No and N3 = Ne,we obtain

Q o o 1 0.3 1 3

= Ny =Ny + AN = N =5 (N )T 0y = N - 7 N0y (62a)
XA

_ N O _ngo_1 0,3 - _1 3
. Ny = Nym + N, = Nyw = 5 (N7 1150 = Ny -7 (N7 m 00 (62b)
Using the coordinate system,3 = X, 1 =y, 2 =24 0 = 03’ 0] = 0, = 0, we obtain

: _y0 1 0,3 _ 1 3 <
i Ny =Ny -5 (ND)T M0y = Ny -5 (N7 T304 (63a)
y .o 1 .. 03 1 3

g Ny =Ny =5 (Ng)7 Tyy0y = N = 5 (N7 M504 (63b)
R

-]

"a Thus with two sample orlentations, it is possible to measure four stress optical
: constants. In the next section we apply these results to the measurement of

$ the elasto-optic constants.
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D. FABRY-PEROT EFFECTS IN ELASTO-OPTIC MEASUREMENTS

When a high index slab of material is used in an elasto-optic stress mea-

suring machine the effects of multiple beam interference must be taken into

consideration. In this case the vertical axis becomes the parallel axis and
the horizontal axis becomes the perpendicular axis. [t can be shown that the
complex transmission coefficients for the parallel and perpendicular polari-

zations after passing through the slab are given by

4N
] 1
t" = 7 ° 7 e (64a)
Sy o - LA
AN+ 1 exp P
(8]
and
2 N
¢ = s - A - - (64b)
Loy st N -1 4
1-FI+—1 exp-1~)\—NlT
o

I1f the force is applied parallel to the parallel axis (vertical), then the total

index is
1 3 _ 1 3
N-“ =N -3 (No) "197° and NL =N -3 (No) ™91 (65a)
for propagation along the Ne axis,with stress along the N0 axis
and
1 4
v 1 3 1 3
= - = = - b
"y No 2 (No) n3lo3,and Nl Ne 3 (Ne) M3404 (65b)

for propagation along the No axis,with stress along the Ne axis.
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Using Equations 65{(a) and 65(b) in Equations (64a) and (64b) we obtain for
propagation along the Ne axis,with stress applied along the No axis,
1 3
A= S0 T 40p) 1 .
t = . (663)
Vo - a3 o2 /13 2
o 20 1171 N~-=(N)m _o0.-1
o 2 0" 1171 . b 1 3
1- 1 3 expFi —(N - =(N )¢ ol)T
N - _(N ) 1 g.41 )‘0 (o] 2o 11
o 20 1171
1 3
AN = SN )T 500) 1
t, = . (66b)
Yoo -ty o)? 1,0 .3 2
o 270" 1271 N - Z(N) 7, ,.0,-1
o 20 1271 . 4T 1 3
1 - expf~1i ~—(N - =(N )"n,.0.)T| .
N--l-(N)31T Y A Vo 2%0 1271
o 20 "12%1 °
and for propagation along the No axis with stress applied along the Ne axis
1 3
A(No- Z(No) n3103) 1
t" = 1 3 5 3 (67a)
(N (N300 N - Ly, 0.1
o 2 0" 3173 . b 1 3
1 - i 3 exp —1-x—(N - 5(N ) .. 6.)T
N - SN ) 10,41 o © 2700 3171
o 20 3173
1 3
A(Ne— —Z‘(Ne) 7T33()3) 1
tl = 7 ° (67b)
1 3 1 3 2 .
Wem 2W) Mag09) Mg NI Ty505°1 RPLLONED RIS S
exp A, e 2’ 73373

1 3
N - 2(Ne) n3303+1

Taking the ratios c"/tl for Equations (66) and (67) respectively we can

obtain expressions of the form
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l’.“/t:_L = tan ¥ e (68)

where the ten factors tan ¥ and eld

can be separated. These two variables

4 and ¥ can be measured in an ellipsometer and an iterative calculation of
Equation (68) can be made to obtain the best fit to the 4, ¥ data. This
calculation can be done for both stressed and unstressed samples to deduce the

elasto-optic constants. The calculation of the sensitivity of this method is

quite complicated and is best done using a computer.
An advantage to this method is that it can be applied to a very small region

of the sample using microspot optics.

E. OPTICAL MEASUREMENTS

During the last quarter of this program a first attempt was made to make an
ellipsometric measurement of the elasto—optic coanstant of materials using the
anisotropic transmission ellipsometric technique. 1In this experiment, the sample
must be held in such a way as to provide aligmment in x,y,z coordinates as well
as precise rotation about three orthogonal axes. To accomplish this, an x,y,z
translation stage was assembled and coupled to a Rudolph research ellipsometer.
The rotations were provided by a set of commercial mounts. The stress was
applied mechanically by means of a precision screw (micrometer movement).

Our intention was to measure the stress optic coefficient by a relative
method, i.e., the same stress is applied to the new material to be measured at
the same time as it is applied to a known sample, e.2., fused quartz. We found
this method to be unusable in the laboratory because the experiment is extremely
critical with regard to aligmment. 1In particular, shifts of approximately 1073
radians in angular position cannot be tolerated experimentally.

We are currently redesigning the sample mounts to include stronger stages as
well as a provision to directly measure the stress by means of a load cell. In
addition, we plan to exert the pressure pneumatically rather than by a mechanical

screw so that unnecessary torques can be avoided.
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.o SECTION 7

i

CONCLUSIONS AND RECOMMENDATIONS

—

oA

?ﬁ A real need exists for improved materials for many applications of interest
i% to DoD including electro-optic and acousto—optic modulators, switches, tunable
Y o filters, as well as for new devices based on principles such as degenerate

e four-wave mixing. Utilization of four-wave mixing techniques in practical

t;l devices could greatly increase optical system integration by expanding the

;%5 possibilities of amplification, convolution, correlation, and pulse

AR compression. Electro—optic and acousto—-optic devices iare essentially materials
‘9 limited; currently available materials are inefficient in terms of power

'}& required and often absorb light in the spectral rezions whuere operation is

:g? desired. New materials are also needed for surface acoustic wave (3AW) devices
- where the lack of materials with large coupling coefficients and inherent

” temperature stability has limited the bandwidth of these devices and makes

X them unsuitable for many microwave applicatiouns.

% The primary objective of this program was to search for new improved

: materials. We have succeeded in finding a new electro-optic infrared-
:u' transmitting material, CdIn,Te,, with more than an order of magnitude increase
‘izg in its longitudinal EO coefficient over known IR materials. This material has
ﬁ;j great potential in the development of far ianfrared wmodulators aad tunable

;{ spectral filters since it allows an engineering margin in the voltage

> requirements of driver chips. In the Hughes longitudinal clectro-optic tunahle
752 filter (LEOTF), the voltage requirements are reduced by a factor of 20,

,:f compared to the previously selected material AgtaS,. This is a result of the
’\_ higher refractive indices of CdIn,Te, and their etfect on the electro-optic

j} figure of merit, i.e., n3rql. This filter desizn now can ﬁe extended into the
i

far infrared using state-of-the-art driver chips.

2

,,..,.
et

The discovery of a large electro—-optic coefficient as we criginally

predicted in this material gives credibility to our structural analog approach.

f:;' An important factor in this pursuit has been the ability to measure low-
E:: frequency dielectric constants in polycrystalltine samples, thus saving time
Ei required for single crystal development. The extension of this to acousto-
Lo optic and non-linecar properties has not been as direct. Certainly, the large
2% EQ coefficient indicates the possibility of a large non-lincar cocfficient
%

?

X
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since it is related to the ionic contribution to the £0 coefficient. 1In
addition, a look at materials properties shows the possibility of finding
materials with Large AO figures of merit among the interesting materials
falling into this proup. What is missing is a characterization techaique which
can be ecasily and meaningfully carried out on polycrystalline samples, which is
also a strong indicator of large values of those properties of interest.

Our iuvestigation for such evaluation techniques has led to the
development of a very promising technique for measurement of stress-optic
coefiicients: Anisotropic Transmission Ellipsometry. We were not able to
complete the construction and testing of this apparatus during the course of
this program. We plan to evaluate this technique in the near future using
small single crystal samples and will make the results known to the Air Force.

We recommend that the work which commenced during the course of this
investigation be further pursued by the Air Force and other agencies of the
Government. This work has opened the door on new ideas and approaches to the
discovery and development of new materials for the applications mentioned
above. He enter that door with a greater degree of coafidence, having valid
proof of our approach. There is still a lot of materials work to be pursued as
well.  As becomes obvious in this study, problems remain in the synthesis ot
some of the new compounds which must be resolved prior to approaching growth of
single crystals. The laboratory work must be accompanied by theoretical work,
as demonstrated by this program, in order to understand the selection and
prediction of new materials and their pertinent optical properties. In
addition, all the accrued knowledge must be used to develop efficient
diagnostic procedures for evaluating and/or predicting those properties in

materials which are of prime concern for these applications.
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APPENDIX

:;ﬁ DERIVATION OF THE ANISOTROPIC OPTICAL PHASE SHIFT A AND THE TRANSMISSION
si\ RATIO TANYy FOR MULTIPLE BEAM INTERFERENCE IN A PLATE
The complex transmission factor for a wave normally incident on a plate

1y
Fonn with parallel faces is given by

x'.f-":

T

1 £ = —— (1)
e 1 - Re16

:ui where T = 4n/(n + 1)2 is the power transmission coefficient at the first sur-
ﬁ::: face and R = (n - 1)/(n + 1)2 is the power reflection coefficient at the first
~%:{ surface and § = 4x/x° nT is the double transit optical phase shift for the
( - wave and n,t and Ao are the refractive index, the sample thickness, and the
2}}} wavelength, respectively.

) From this expression the ratio of the complex transmission factors for
iﬁf: an anisotropic medium is written as
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O represent the tensor refractive index values for a system in which the optic
Rt
’}}: axis of the sample is aligned either parallel or perpendicular to one of the
::; incident optiral polarization. This is a principal coordinate geometry system
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oo and relatively easy to analyze. Other orientations are much more difficult.
. The ratio ty/ty can be represented by an amplitude and a phase factor with
LN
N the form
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\":-: With the substitution A = T" /(Tl Tany) this can be expanded to
"-': : = - : :
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- Cross-multiplying and collecting terms, the real and the imaginary terms yield

2 equations:
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::‘ Cosh - CosARuCosﬁu + SinAR“Sinq' = A(1 - RlCOSSI) (5a)
" and
[\ COSARnSihS" - SinA + SinARHCOSG“ = -ARlSinGL . (Sb)
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} Dividing Equations (5b) into (5a) eliminates the A term which contains Tany
‘ CosA - CosARyCos§y + SinAR,Sin§y 1 - R, Cosé;
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"-g'_': Again cross multiplying and collecting terms for Cosd and Sind we obtain
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for an isotropic medium § = §, and Tand = 9,
~
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:-'. Using Equation (5b) we derive an expression for Tany
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Tany =

for an isotropic medium R, = R, T o § = 6, &6 =0 and Tan¥ = 1.
Thus the transmission ratio is 1 as expected.
These expressions can be written in terms of the refractive index n; and

a and the sample thickness T as shown
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For n oA n" if we let n,=n;n -n,= An
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Using trigonometric idencities, we get a simplified versioa of this aguactisn

sultadle for evaluating small anisotropic samples:
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For example, for 4n = 1003 X = 10780 T~5x 1073 m we get a very large phase
shift, § = 2n/A,, T &n = 6.28/10"% x 5 x 10”3 = 30. This means that an
anisotropy 8n = 0.00l produces a 30 rad phase shift in a sample 5 mm thick. In a
l-mm-thick sample, it would produce a phase shift of ~6 rad (=360°). Because
there is no simple way of approximating these equations, even in the presence of
small anisotropy (0.0001 anisotropy produces 0.628 rad or 36° in a 1 mm sample),
we will have to evaluate the anisotropy in each sample before we can evaluate the
change in anisotropy caused by stress using this method. This could be done
using Equation (9b) and the experimentally measured value of ¥ and 4. [t is
assumed that the thickness of the sample can be measured with great precision.
A thickness error of 8T produces a phase shift of 47/A, n 4T. For n = 2.54 and
AT = 10~% m this becomes 30 rad. Thus an error of l um in measuring the sample
thickness can give rise to a 30 rad ervor in tha calculation of the phase angle 2.
A precision of 100 A produces a phase error of 0.3 rad or 18° and a precision of
I A produces a phase error of 0.003 rad or 0.18°. (The precision of an ellipso-
meter is *0.1°.)

Because of the complexity of Equations (9a) and (9b) it is possible that
only one set of values ny,, 0, and T will allow a theoretical calculation of
A,y which matches the experimental A,y values. However, the chances of
solving the equations improves dramatically as one fixes either of the

indices n, or oy or the thickness with greater precision.
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If the wavelength of the apparatus is changed, then another set of
equations is obtained and again numerous theoretical fittings to the data are
possible. By comparing these results in tabular form.only one set of njn, and
T will agree if the medium is nondispersive. If it is dispersive only one
set of thicknesses will agree for all wavelengths. Thus this method can be
used to evaluate the natural anisotropy in elasto-optic materials and then
the stress- or strain-induced anisotropy as an increment in the natural
anisotropy. This is not a simple method theoreticallysbut it should be
capable of extremely high precision because of its ultrahigh sensitivity to
phase angle shifts. In comparison the standard interferometric methods

require a high stability optical system and arc good only to a tenth of 4

fringe or 3°.
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MISSION
of
Rome Awr Development Center

RADC plans and executes nresearch, development, test and
delected acquisition programs in suppont of Command, Control
Communications and Intelligence (C31) activities. Technical
and engineerning suppornt within areas 0§ technical competence
48 provided to ESD Progrnam Offices (POs) and othen ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and control, sur-
velllance of ground and aerospace obfects, intelligence data
collection and handling, infoamation system technology,
Lonospheric propagation, solid state sclences, microwave
physics and electronic reliability, maintainability and

compatibility.
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